Abstract. Although NK cells are innate lymphocytes and have long been well known for their cytotoxic actions against tumor and virus infected cells, accumulating data indicate that they play an important immunoregulatory role in the pathogenesis of autoimmune diseases, such as MS and EAE. Especially, in recent years growing body of evidence suggest that NK cells have the potential to eliminate harmful self-reactive T cells and act as modulator of adaptive immunity. Here we review the recent advances in the research of NK cells related to EAE and MS, including general properties of NK cells, NK cells and EAE, and NK cells and MS, with emphasis on the mechanism of NK cell regulatory roles in EAE and MS.
INTRODUCTION
Multiple sclerosis (MS) and its animal model experimental autoimmune encephalomyelitis (EAE) have long been regarded as autoimmune diseases mediated by CD4 + T cell immunity, but more recent works indicate that CD8 + T cells and B cells also play an important role in the disease development [1, 2] . Now the key question in MS and EAE lies in what disrupts the T cell and B cell immunological tolerance against CNS antigens that are usually kept well secluded from the systemic immune system [3] [4] [5] . To clarify the immune regulation in autoimmune responses, much effort have been dedicated to investigate the role of adaptive regulatory T cells, including Foxp3 + CD4 + T cells [6] , IL-10 producing Tr1 cells [7] and TGF-␤ producing Th3 cells [8, 9] . However, recent publications provide evidence that cells of the innate immune system have the potential to inhibit autoreactive CD4 + T cells [10] [11] [12] [13] . Especially, NK cells are emerging as key participants in the regulation of autoimmune diseases [10] [11] [12] [13] [14] [15] . In this review, we focus on the latest advances in the research of the role of NK cells in the regulation of EAE and MS.
GENERAL PROPERTIES OF NK CELLS
NK cells are evolutionarily primitive lymphocytes that possess cytotoxic properties, classically directed against transformed and virus infected cells. Unlike T and B cells, NK cells are not antigen specific. NK cells usually constitute about 10% of the lymphocytes in human peripheral blood mononuclear cells (PBMC) [16] .
NK cells lack a single unique genetic or phenotypic attribute but rather are identified by an amalgam of features both present and absent. Until recently, the identification of NK cells has relied on their lack of expression of CD3, combined with their expression of CD16 or CD56 in humans, of NK1.1 (CD161c) in certain mouse strains or of DX5 (CD49b) in all mouse strains [17] .
CD16, a receptor for the Fc portion of IgG (Fc␥RIII), is one of the first described NK cell-associated antigens, it enables cells to engage in antibody-dependent cellular cytotoxicity. Mature human NK cells are virtually all CD16 positive [18] . CD56 is another early described human NK cellassociated antigen. Although CD56 is commonly associated with NK-cell lineage, it is expressed on a wide variety of hematopoietic and nonhematopoietic cells, including T cells [19] .
CD57 is a cell-surface glycoprotein that is expressed by approximately two thirds of human NK cells. CD57 is also expressed by a number of other cell types, including memory cytotoxic T cells [20] . The frequent expression of CD57 on T cells makes this antigen of relative little value in distinguishing them from NK cells.
As to mouse NK cell markers, the NK1.1 (CD161c, NKR-P1 C) antigen is the most widely used pan-NK cell marker in mice. Since its expression is restricted to CE, New Zealand Black, and C57BL/6-related strains, many commonly used strains do not express this antigen. In addition, like many other NK cell markers, NK1.1 is also expressed on a subset of T cells [21] .
DX5, a novel monoclonal antibody (mAb), exhibits similar reactivity to anti-NK1.1 antibody but reacts with NK cells in all strains of mice tested, including NK1.1 negative strains [22] .
CD122 (IL-2 R ␤-chain), which is constitutively expressed on NK cells and a subset of T cells, can also be used to identify NK cells [23] .
Recently, the NKp46 molecule has been demonstrated to be the most specific and universal NK cell marker in mammals [24] .
NK cell cytotoxicity is determined by the collective signaling of an array of inhibitory and stimulatory receptors on their surface [25, 26] . NK cell inhibitory receptors, commonly referred to as killer inhibitory Ig-like receptors (KIRs), interact with classical and non-classical MHC class I molecules [26] . Hence, NK cells are kept in an inactivated state through contact with self MHC class I molecules expressed on healthy cells. Examples of KIRs include the Ly49 family of molecules (that bind classical MHC class I) [26] , and NKG2A (that binds Qa-1, a non-classical MHC class I molecule expressed on activated T cells, B cells and dendritic cells) [25, 26] . On the contrary, NK cell cytotoxicity is generally elicited by a distinct set of inducible molecules that have a weak homology with MHC class I and bind NK stimulatory receptors [26] . The main activating receptors constitutively expressed on all NK cells in peripheral blood are NKG2D and the natural cytotoxicity receptors (NCRs) NKp30 and NKp46, while NKp44 is inducible upon activation [27] . All of these activating receptors probably recognize molecules that are up-regulated upon cellular stress [26, 27] .
NK cells, upon activation, mediate cytotoxicity via cell-to-cell contact-dependent pathways involving perforin/granzyme [28] , Fas/Fas-ligand [29] and TRAIL/TRAIL-ligand interactions [30] . They also produce proinflammatory cytokines/chemokines, such as IFN-␥, TGF-␤, GM-CSF and CCL5 [31] . Although NK cells have long been well known for their cytotoxic actions against tumor and virus infected cells, now accumulating evidence indicate that NK cells have the potential to eliminate harmful self-reactive T cells and act as a modulator of adaptive immunity [10] [11] [12] [13] [14] [15] .
The majority (around 95%) of human NK cells in PBMC belong to the CD56 dim CD16 + cytolytic NK subset [27] . These cells express homing markers for inflamed peripheral sites and carry perforin to rapidly mediate cytotoxicity [27] . The minor NK subset in blood (around 5%) is CD56 bright CD16 + cells [27] . These NK cells lack perforin, but secrete large amounts of IFN-␥ and TNF-␣ upon activation. And they are superior to CD56 dim CD16 + NK cells in the immune regulatory functions [27] . In addition, they express homing markers for secondary lymphoid organs, namely CCR7 and CD62 L [27] . Accordingly, NK cells harbored in secondary lymphoid organs are almost exclusively represented by this latter subset.
THE REGULATORY ROLE OF NK CELLS IN EAE
In 1997 our lab reported that treatment of MOG 35−55 sensitized C57BL/6 mice with a depleting antibody specific for NK1.1 accelerated the onset and increased the severity of clinical EAE [32] . In parallel experiments, MOG specific CD4 + T cell lines induced a more severe form of EAE in syngeneic hosts treated with an anti-NK1.1 antibody than in hosts treated with an isotype matched control antibody. Aggravation of EAE by NK cell deletion was also seen in ␤2-microglobulin deficient mice, indicating that NK cells can play a regulatory role in a manner independent of CD8 + T cells or NK1.1 + T cells (NKT cells) [32] . We also found that NK cells depletion led to aggravated EAE in SJL/J mice, in which NKT cells are quantitatively and functionally deficient [33] . Supporting the mouse data, NK cells have been detected in the central nervous system of rats with EAE. When NK cells are depleted, the disease is aggravated, although the role of NK cells and NKT cells was not addressed separately [34] .
It was reported that NK cells comprise up to 17% of CNS-infiltrating inflammatory cells in Lewis rats at the peak of disease [34] . In C57BL/6 mice, it was reported that NK1.1 + CD3 − cells account for 10-20% of the infiltrate in symptomatic mice immunized with MOG 35−55 [35] . Both observations show that significant numbers of NK cells accumulate within the target organ during the acute stage of EAE. Studies with genetically engineered mice indicate that the accumulation of NK cells in the CNS is not a random event, but the consequence of a CX3CL1 (fractalkine) dependent pathway [35] .
Huang et al. have reported that mice deficient for CX3CR1 (the fractalkine receptor) develop a more severe form of EAE [35] . Unlike their CX3CR1 +/− littermates, CX3CR1 −/− mice immunized with MOG 35−55 exhibited a higher incidence of CNS hemorrhages and a higher mortality rate, and failed to recover function after they had reached the peak of EAE. Although the CX3CR1 −/− mice developed more severe manifestations of EAE, recall responses to MOG 35−55 and the generation of encephalitogenic T cells in the peripheral lymphoid organs were not augmented in the mice. Analysis of spinal cord mononuclear cells from these mice revealed a selective absence of NK1.1 + CD3 + cells, which compose 10-20% of CNS infiltrates in wild-type CX3CR1 +/+ or heterozygous CX3CR1 +/− littermates. This finding leads the authors to speculate that the exacerbated disease in CX3CR1 −/− mice was due to a failure of regulatory NK cells to enter the target organ. In support of this, the majority of CNS infiltrating NK cells in CX3CR1 +/− mice expressed CX3CR1, and treatment of MOG 35−55 -immunized CX3CR1 +/− mice with an anti-NK1.1 antibody resulted in EAE of comparable severity to the CX3CR1 −/− mice littermates. Furthermore, soluble CX3CL1 was increased in the CNS during EAE, and protein extracts from CNS tissues showed a chemotactic activity for wildtype NK cells [35] . Intriguingly, it has been reported that a reduced number of circulating CX3CR1 + NK cells was detected in patients with MS [36] .
Huang et al. further addressed that a defect of conventional NK cells, rather than NKT cells, is responsible for the phenotype of CX3CR1 −/− mice [35] . They showed that MOG-immunized CX3CR1 −/− ×CD1d −/− double knock-out mice (that lack NKT cells) resemble CX3CR1 −/− mice with regard to both the clinical course and histological features of EAE, whereas CD1d −/− single knockout mice resemble wild-type controls. Moreover, the authors further investigated the extent of the NK cell defect in CX3CR1 −/− mice and its bearing on the inflammation site outside of the CNS. Interestingly, NK cells accumulated at a normal frequency in the spleen and liver of CX3CR1 −/− mice infected with cytomegalovirus, suggesting that CX3CR1/CX3CL1 interactions are of particular importance for NK cell recruitment and/or survival in the CNS [35] .
Collectively, all of above mentioned literatures indicated that NK cells play an important protective role in EAE, although it is still not clear whether protective regulatory functions are a global property of NK cells or they possess aggravating nature by a discrete subset.
MECHANISM OF NK CELL REGULATORY ROLE IN EAE
In 2005, we reported that NK cells could exert direct cytotoxic effect on syngeneic, myelin antigen-specific, encephalitogenic T cells [33] . In our experiments, first, in vivo NK cell depletion by anti-NK1.1 monoclonal antibody treatment enhanced EAE in SJL/J mice (Fig. 1) . To investigate the mechanism, we cultured proteolipid protein (PLP) 136−150 peptidespecific, encephalitogenic T cell lines, which were used as the NK cell target. Our results show that NK cells exert a direct cytotoxic effect on autoantigen-specific, encephalitogenic T cells (Fig. 2) . Furthermore, cytotoxicity to PLP-specific, encephalitogenic T line cells was enhanced by using enriched NK cells as effector cells (Fig. 3) . The cytotoxic effect of NK cells to ovalbumin-specific T line cells and ConA-stimulated T cells could also be detected with a lesser efficiency. Our studies indicate that NK cells play a regulatory role in EAE through killing of syngeneic T cells which include myelin antigen-specific, encephalitogenic T cells, and thus ameliorate EAE [33] . Mice were also injected intraperitoneally with 400 ng of pertussis toxin (PT) shortly after and 48 h after immunization. Anti-NK1.1 mAb-treated group mice were injected with 500 g of anti-NK1.1 mAb (PK136) 1 day before and 14 days after immunization. Control mice were treated with PBS. Four mice in each group were used. This is representative of three experiments with silimar results.
As far as we know, this was the first observation that NK cells kill autologous encephalitogenic T cells. However, the observation was primitive, because we did not examine expression of either MHC class I, perforin, NKG2A or NKG2D. Furthermore, we did not observe whether PLP-specific T cells failed to transfer EAE after treatment with NK cells. Therefore, further studies were definitely needed to reach the conclusion. However, later studies by others support our speculation.
In 2006, Bielekova et al. reported that NK cells isolated from peripheral blood mononuclear cells of human donors kill activated autologous T cells following pre-stimulation with IL-12 [37] . In 2007 and 2008, it has also been reported that T cells could upregulate NKG2D ligands following activation and became susceptible to autologous NK cell-mediated cell lysis in vitro [38, 39] .
Lu et al., in 2007, investigated some of the factors controlling the ability of NK cells to lyse activated T cells [40] . They found that CD4 + T cells genetically deficient in the non classical MHC class I molecule, Qa-1, underwent an accelerated rate of death when primed in immunocompetent hosts. Here, Qa-1 is known as the molecule that interacts with the NK inhibitory receptor, NKG2A, and is normally upregulated during T cell activation. However, the Qa-1 deficient CD4 + T cells expanded and survived as wild-type CD4 + T cells in perforin deficient or NKdepleted hosts. CD4 + T cells that express a mutant form of Qa-1, which is prohibitive of interactions with the NK inhibitory receptor, NKG2A, exhibited a 
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after NK cell enrichment whole spleen cell Fig. 3 . Cytotoxicity to PLP-specific, encephalitogenic T line cells was enhanced by using enriched NK cells as effector cells. NK cells enrichment was done as following: splenic cells were incubated on a plastic culture dish, nonadherent cells were collected and incubated with anti-mouse CD19 Microbeads and anti-mouse CD5 Microbeads, then NK cells were negatively selected by passing through a MACS column. The purity of NK cells was examined by flow cytometry. Cytotoxic effect to PLP-specific, encephalitogenic T cells by using naive mice splenic NK cells and enriched NK cells as effector cells was examined and compared by using the same method as described in the legend to Fig. 2 . The final results were calculated by subtracting the background and expressed as mean ± S.E. of three samples at each E: T ratio. *P < 0.05; **P < 0.01. similar phenotype. Furthermore, transfection of wildtype ovalbumin-specific CD4 + T cells with lentivirus encoding Qa-1 improved their survival upon antigendriven expansion in syngeneic OVA-immunized mice. Collectively, these data suggest that upregulation of Qa-1 on CD4 + T cells during activation in vivo is protective against perforin mediated lysis by NKG2A expressing NK cells. With regard to EAE, the authors reported that MOG-specific, T cell receptor transgenic CD4 + T cells lose the ability to transfer EAE into Rag2 −/− hosts once they are backcrossed to a Qa-1 deficient background. Nevertheless, these cells are able to induce disease in Rag −/− hosts that are either deficient in perforin or depleted of NK cells. Consistent with these findings, administration of an anti-Qa-1 antibody to MOG-sensitized wild-type mice during the preclinical phase significantly reduced the severity of EAE. However, the therapeutic effect of the anti-Qa-1 antibody was destroyed by co-administration of an NK cell depleting antibody [40] . In conclusion, encephalitogenic CD4 + T cells are suppressed by NK cells via a perforin dependent mechanism if they fail to upregulate Qa-1 during in vivo priming. Conversely, high or constitutively expression of Qa-1 could, theoretically, favor the expansion and differentiation of autoreactive T cells in patients during relapses of autoimmune disease.
In summary, the majority of data on the mechanism of regulatory NK cells in EAE suggest that NK cells directly trigger the death of encephalitogenic T cells.
NK CELLS AND MULTIPLE SCLEROSIS
Indirect evidence that NK cells can play a protective role in autoimmunity is provided by the fact that naturally occurring mutations in genes that cause a defect in NK cells can predispose individuals towards autoimmune diseases [41] [42] [43] [44] .
However, actually it has long been controversial regarding the role of NK cells in MS. Most of studies reported that patients with MS have reduced numbers of circulating NK cells and/or functionally deficient NK cells [45] [46] [47] [48] [49] [50] [51] [52] . With regard to the latter, NK cells isolated from MS patients were found to be inefficient at cytotoxic killing and production of IFN-␥ [45-48, 51, 52] . In a longitudinal study, NK cell functional activity fell in concert with the onset of clinical MS relapses but normalized during remission [53] . On the contrary, there are still some papers, although in the minority, reporting no differences, either quantitatively and qualitatively, between NK populations in MS patients versus healthy controls [54] [55] [56] [57] . The reason for these controversial findings remains unclear. However, it is of note that in the above mentioned literatures, the criteria used to classify NK cells, the assays and protocols used to measure their functions and/or frequencies, and the patient populations studied differ widely among researchers.
More recently, protective roles for NK cells in patients with MS have been suggested [58] . Takahashi et al. reported that NK cells from patients in disease remission expressed high levels of Fas (CD95) and were classified as NK2 cells, distinguished by the secretion of Th2 cytokines, such as IL-5 and IL-13 [58, 59] . They also reported that in vitro-induced NK2 cells inhibited the induction of Th1 cells, suggesting that NK2 cells in vivo may also prohibit autoimmune effector T cells development [59] . The type I and type 2 NK cells are supposed to be at the distinct stages of differentiation of NK cells from progenitor cells [60] .
It is also reported that NK cells infiltrating in the CNS express neurotrophic factors that might contribute to the rescue of mechanically injured neurons, therefore NK cells may also constitute an important mechanism for neuronal protection in CNS inflammation [61] .
Strong evidence for a role of regulatory NK cells in MS comes from data on daclizumab, a new humanized mAb against IL-2 receptor ␣-chain [37] . In the phase II trial of daclizumab in relapsing remitting MS patients, Bielekova et al. have noticed that an expansion of CD56 bright immunoregulatory NK cells and their increased perforin expression would highly correlate with the reduction of the disease activity. In fact, contrast enhanced lesions on brain MRI were significantly suppressed along with an expansion of circulating CD56 bright NK cells and contraction of CD4 + and CD8 + T cells. Furthermore, NK cells isolated from patients during, but not before, daclizumab therapy were found to exhibit cytotoxicity towards autologous activated T cells, even without prestimulating NK cells with IL-12. These results raise a possibility that induced regulatory NK cells may have at least partially mediated daclizumab effects on MS.
In another study, an increase of CD56 bright NK cells was demonstrated in the blood of newly diagnosed patients with relapsing remitting MS who were started on interferon-␤ treatment a few months prior to the study [62] . This work also support a role of induced regulatory NK cells in patients who respond to the immunomodulatory therapy.
It is also reported that the reduction of the clinical relapse rate during pregnancy was associated with an increase in the CD56 bright NK cell population, and a decrease in the CD56 dim NK cell population [63] .
In summary, the available data indicate that NK cells or some subsets of NK cells play a protective role in MS.
CONCLUSION AND CLINICAL IMPLICATIONS
For many years, T helper type 1 (Th1) cells were considered to be responsible for the pathogenesis of MS, however, current research is providing more and more evidence that other cell types are also involved, for example, Th17 cells, CD8 + T cells, B cells. An additional pathologic role can be assigned to the innate immune system; in particular, TLR-signaling is gaining increasing attention as well as dendritic cells, macrophages, mast cells and ␥δT cells have been shown to exert deleterious effects. Apart from these pathogenic cell populations, regulatory cells are involved in the immunopathology of the disease; among them, regulatory T cells are vital for maintaining self-tolerance, and certain subsets of CD8 + T and B cells, NK and NKT cells have shown ameliorative effects on disease development [64] . A better understanding of the regulatory axis of autoimmune encephalomyelitis poses an important aim for the development of alternative therapeutic approaches, which do not aim at detrimental but beneficial immune function.
NK cells are now emerging as innate effectors able not only to exert mere innate immunity function, but also to critically tune adaptive immune response, including autoreactive T cell response.
In order to control the autoreactive, myelin antigen-specific, T lymphocyte aggression, selectively induction of NK cells regulatory properties may pave the way to new immunotherapeutic approaches for MS.
Furthermore, because NK cells change their phenotypes, numbers, and gene expression profile during disease course of MS, NK cells may also be utilized as surrogate marker for disease activity and treatment response.
